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1 INTRODUCTION 

There are many different methods which have been propored for 

uoe, or are being wed at the preoant time, to predict the random 

vibration environment. of modern aerospace flight vehicler. As 8 re- 

rdt, one io Often frced with 8 dilemma a8 to which method to ure for 
8 given rituation. A i  h firat rtep in deciding which method or methodo 

8re moot dooirrblc for MSFC applicrtionr, dl known vibr8tion pre- 

diction methodo have been reviewed and critiqued with ampharir upon 

their advaat8ger and dirrdv8atrger. The rerdk.of thio rev ier  and 

The next rtep ir to make 8 ''critique are premented io Reference 1. 

rpecific relection of optimum tecbniquer for predicting the rerponre 

of rtructtartr to acouotic. aerodv~mmic, and rnechmnic.3 excitation 

baoed upon the methodo prersntsd in Reference 1. Such 8 relection io 

the rubject of thir report. It r h o  prcrcntr I dircurrion and recom- 

meadrtiono regarding thore techniques which appear to hold the greateat 

promire .ad which rhould bo developed further in  the near future. 



2. SELECTION CIIITERIA 

Six criteria were ertablirhed and utilized i n  deciding which of the 

mrioua prediction mcthodr a re  mort suithble for immediate use in  pre- 

dicting vibration lcvelr for vehiclar of concern to MSFC. Thcae criteria 

are: 

8. 

b. 

C .  

d. 

e. 

f. 
1. 

8-  

The meihod mumt be fully developed to point where it io  
ready to ure on typical hunch vehicle rtructurer with 
prsrently' av8ilable computational facilitier and equipment. 

The method rhould predict cnvironmeatal v'bration for dl 
critical pariodr during launch. 

"he method rhould predict re8ronablc valuer for prerent 
USFC vehicler. 

Redimtic conrideration rhould be given to dl of thome 
factors which are known to affect vibration rerponre. 

"he coat and time required to use the procedure murt be 

conriderahon. 

Statirtical information ir desirable to allow reliability 
conceptr to be incorporrted into the relcction of design 
and test levelr. 

Hirtory of p8rt use, if rvrilablc, must be frvor8ble. 

cnnririnnt -4th +bm w e n a d - e w m n t e  nt +b- m w n n w s m  rrnarr 
a a u  

Of the five baric prediction approachem dircurred in  Reference 1 

(cl88sica1, multiple input, extrapolation, rt8tirtical energy, and model), 

none of the approacher r8drfy a11 of thc above requirementr. There- 

fore, of neccrrity, the method choren must be a compromire. Since 

only extrapolation approachtr fulfill relection cr i ter ia  (a), they will 

be tho only onel conriderod further i n  thio documcnt. 

2 



3. PREDICTION OF VIBRATION ENVIRONMENT 

The vibration envirorrment of a launch vehicle ir usually mort 

revere,  and hence of conccrn for design considerations’during liftoff, 

transonic flight, and/or maxinium dynamic pressure .fliRht. I n  addi- 

tion, localized areas on motor’ frame support rtructure experience 

rignificant levels throughout the period of motor burn. Therefore, 

any techr.ique, or combinationr thereof, must be able to predict the 

vibration environments for  all of there conditions. 

.i 

There are two general types.. of extrapolation procedurer which 

have been ur.ed in  the pasf to predict the vibration environment induced 

by the sources  described above. 

frequency response function f rom data rneasured on one or more  ve- 

hicles. Thir function ir  then used to predict levclr on a new vehicle. 

- .  
The f i r s t  consists of developing a 

The second ir  to ieale  meaaiired data directly frnm nnc vchiclp tn 

another using s tandard rcaling relatiom, ripr. Idcally, a frequency 

response function bared upon a large amount of data from reveral  

vehicler, would be preferabla. 

‘ias been a problem. 

functions. have been developed bared on data f rom only a few o r  perhaps 

However, in practice, data quality 

Furthermore, most of the frequency responre 

only one vehicle. 

with as much confidence as would be denired, and the effects of the vari- 

I ~ U B  scalinR parameters  have not alwaye been determined in a round 

manner. In the rectionr which follow therefore, consideration will be 

~ i v e n  to the urc  of either a frequency response fcnction approach, or a 

data scaling approach, depending upon particular circumstances. 

The frequency rerponrrc function har not been defined 

3 



3.1 ACOUSTICALLY AND MRODYNAMICALLY 
INDUCED VIBRATION 

Several different extrapolation techniques for predicting acourti- 

cally and aerodynamically induced vibration were dercribed in Ref- 

erence 1. Each can be c l ~ o e i f i e d  ar a frequency rcrponse function 

method, or  as a scaling technique, a1 followr: 

Frequency Respon-a %nction Approach 

Mahaffcy and Smith Method 
Brurt  and Himelblau Method 
Eldred, Roberts, and White Method No. 1 
Eldrcd, Roberto, and White Method No. 2 
Curtis Method 
Frankcn Method 
Winter Method No. L 

Scaling 9 r  ooch 

Condos and Butler Method 
Barre tt  Method 
Winter Method No. 2 

If the vehicle under conrideration ir significanLy dif,drent f rom other 

vehicler, or if inoufficient data are available for rcaling f rom similar  

vehiclci, then the frequency responre function approach rhould be used. 

However, if rufficient data a r e  available from riinilar type vchicler, 

then a rcaling approach rhould bc! ured. 

techniquer, according to tho above criteria,  will be made from the 

methods lirted above. 

Tho rclection of the optimum 

4 



3. 1.1 Scaling from Frequency Response Function 

Table 1 prcrentr  a rummary of pertinent details regarding f re -  

quency rerponae function prediction mcthoda. 

and detailed information presented i n  Refe rence  1, indicates that the 

following procedurer should bc given further consideration: Brust  and 

Himelblau, Franken, and W i n t e r  Method No. 1. To accomplioh thio, 

tank rkin levels w e r e  predicted for zone 5-1 of the Saturn I, Block I1 

vehicle during static firing conditionr uring there techniquer. 

culationr, rerul t r ,  and compariron with me8rured valuer are given in 

Appendix A. An can be oeen, the Brust and Himelblau, and Franken 

methodo give rerultr  which in general, are too low 8nd do not approxi- 

mate the rpectrum very well. However, the Winter m*’%od giver a 

good approximation to the mearured rpectrum, and envelopcr the data 

very well except for the peak in the rpectrum. 

cluded that for new vchirlcrr. Winter  Mnthnd Nnmhrr 1 rhnctlrl he r * r d  

for  preliminary cstimater of the vibration cwironment. Then as 

measured data becomer available f rom r i m i h r  vehicler, thir data 

rhould be rcaled to the new vehicle uring the techniquer prerented i n  

Section 3. 1.2. 

A study of this table, 

The ca1- 

Therefore, i t  i r  con- 

8 

Based upon the rerultr  of Appendix A, a preliminary ert imate 

of the vibration lcve!s t x p x t e d  on two zoner of the Saturn V vehicle 

har been made uring Winter Method No. 1. 

Appendix B. 
Theoe levelr ar t  given in  

3.1.2 Scaling from ExirtinR Data 

Condor and Butler (Reference 3), Bar re t t  (Reference 4), and 

Winter (Reference 1) prercnt methodr for extrapolating data f rom one 
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vehicle to anothcr. 

and Butler, and Barrett use atatistical analyses of the data whcrear.  

Winter user maximum envelope,. Furthcrrnore, Winter normaliter 

all data to a common reference acoustic. prclreurc and surface weight 

density, wherear Condoe and Butler, and Barret t  group data according 

to vehicle compartment. Since both atatistical envelopcr and data nor- 

malization a r e  desirable, it ir ruggertcd that a combination of these 

two methodr be ueed ar follows: 

All thrce technique6 arc einiilar except that Condor 

1. 

2. 

3. 

4. 

5. 

Select a flight vehicle to rerve a r  the data -ehicle for  the 
predictionr. The principal requirements for a good data 
vehicle are a r  follows. Firs t ,  i t  should be similar in  
miroion and rtructural  derign to thc new vehicle for which 
the predictionr are required. Second, it rhould have been 
the rubject of an extensive vibration rurvey producing 
mearuremente at many different atructural locationr through- 
out tho vehicle, 

Review and edit the data vehicle mearurementa to eliminate 
t L r e  &La wiai& dcc ubviuuuiy diaiurieti b y  mevert: c i iypiq ,  
excursive inrtrument noire, tape dropout, t tc .  

Separate out all data which appear to be caused by direct  
mechanical excitatioh from the rocket motor. For actual 
launch vibration meaouremeiito, such data a r e  earily de- 
tected rince their levclr will remain relatively constant 
throughout tho powcred phaec of launch. 
aerodynamic induced vibrations, on the other hand, vary 
widely OB the vehicle parmee from lift-off through Mach 1 
to maximum dynamic pre i rure .  
acourtic and aerodynamic induced dibta. 

2 Compute power spcctra in  g /cpo for each vibration mea- 
rurement during l i f t -  off, transonic flight, and maximum 
dynamic prer ruro  flight. 

Review the spectra (and the t i m e  histories from which they 
were computed) for the presence of periodicitier. Periodic 
componcnts can t c  detected using the tcchniques in Refer- 
ence 5. If ouch pcriodicities a t e  prescnt, :hey a r e  probably 

The acoustic and 

Proceed uring only the 



due to onboard equipment with rotating parts or relf- 
excited oscillations. 
data or ignored. Caution must be exercised to avoid con- 
furing narrow band random data due  to reronont rtructure 
r e  r pone c with I uch' y c r iodic i t ie B . 
Predict (or determine from mcaourementr) the power 
rpectra i n  (pri)2/cps for thc excitation prearurer ,  i n  the 
region of each vibration measurement, due-'to lift-off 
acourtic noire, traneonic rhock wave-boundary layer 
interaction, and/or maximum dynamic prerrrure boundary 
layer turbulence. To reduce the number of criculationr, 
power rpectra rhould f i r r t  be predicted in 1/3 octave or 
octave band widthr, and then converted to narrow band 
power rpectrum levelr. Therefore, determine the average 

in each 1/3 octave o r  octave band of interert. 

Calculate the average a.urfacc weight denoity in  paf for the 
rtructurc a t  each vibration measurement loc8tion. 

Compute ;I ,reference power rpcctrum from each vibration 
mearuretnent during each hunch event of interert ,  or 
followr : 

They should be removed from the 

6. 

vibration and acoustic spectrutn level ( in  g 2 /cpr and pri2/cp.) 

7. 

8. 

where 

Gvd(f) = meaoured average power rpcctrurn in 
1 / 3  octave or octave hand for vibration 
of d8ta vehicle in  g2/cpr 

= maasured or predicted average power 
spectrum i n  1 / 3  octave o r  octave band 
for excitation p teerure  on data vehicle 
in  (?si)'/cpr 

'pd" 

w = sverage rurface weight denoity for data 
ve;iicle rtructuru a t  vibration mearure-  
ment location 

d 
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9. Treating thc data from each aignificant launch event 
rcparately, rcgregate the rcfercnce rpectra into classi-  
fications which correspond to  the desired s tructural zone# 
for which vibration is to be predicted. This regregation 
may bc accotnplirhed by either natural eelcction o r  pre- 
determined zoning. segregation by natural selection is 
accomp:ishcd ar follow.. Vioually inspect the referencc 
rpectra for clurtering which can bc corrclatcd with specific 
rtructural  features. For example, it may be found that the 
reference rpectra for ring frame mearuremcntr arc gen- 
erally rimilar to one another, but rignificantly different 
f rom the reference rpc ctra for bulkhead measurements. 
Hence, the reference apectra for ring framer would be 
tre8ted separately to arr ive a t  vibration predictions which 
a r e  only applic8ble to ring frame vibr8tfon. Predcter-  
mined zoning meanr that i t  has been decided in advance 
that reparate predictions will  be made for ring frame vibra- 
tion and bulkhead vibration. Hcnc.:, the reference rpectra 
a r e  regregated bared upon the measurement locations, in- 
dependent of how the reference spcctra may clurter. Nota 
that after t!ie segregation ir con)$cted (by either procedcre), 
tho reference rpectra for diffcrcnt launch eventr in each 
trme nhaiild he r.nrn?sarpri fnr m i n i i l a r 4 f - y .  

over oiriiiiirr iimiis, rnc rpectra ior  aii iercnt iauncn events 
in each rtructural  zoae rhould be grouped t :cther and 
troeted as a ringle ret. 

For each set  of rpectra rep; erenting 8 structural  tonc, de- 
termine a raw upper prediction limit by relectiiag a deuired 
p r c a n i i l e  level for the distribution of the spectra i r r  narrow 
contiguoue frequency intervals. 
third octave frequency intervals tc? uied, although any rela- 
tively narrow frequency intervals would be accoptable. The 
average valucs of thc reference apectro in each frequ-:ncy 
interval should bo uecd to uelect the derired percentile level. 
The actual selection of the paycuntile level should be ar 
follow,. 
a given structural  t o n c ,  select tho P percentile level by 
computing the level which sxccede 100 € I %  of tlie rpectra 
valuer. For example, i f  !OO reference rpcctro a r e  avail- 
able, the 0. 975 percentile would be that 1cve.l which i o  
greater than 97 and l e e s  than 3 of the rpectra vnluco. 

T f  the A r t ,  r l t r o t a r  

10. 

It i o  ruggertcd that onc- 

If a t  !cart 100 reference epectra a r e  available for 

If 

10 



lerr  than 100 refcretrce spectra are available, compute 
the desired percentile lcvcl by fitting a n  empirical distri-  
bution function to the spectra values. 
dirtribution function ie  not kncwn, aerumc a lognormal 
dim tribution applies. 

With the raw uppcr prediction liirait for cach rtructural  
zone dieplayed as a lop-log plot -\f spectral  density vcrnuo 
frequency, envelope the r i w  limits with straight line ccg- 
mentr to obtain a smoothed prrdiction limit for each zone. 

If the diameter of the data vehicle and t h e  new vehicle vary 
by more than two to one, then the frcquency rcale  (ahscirra) 
of the rmoothed prediction limit for each zone should be 
ahifted, ar followr. 

If an empirical 

11. 

12. 

1 / z  

‘n = ‘d ( 2 )  
where 

f = frequency for  ncw rcale n 
- Loyuct tcy  iur pr-eGicrivrr i i i t r i r  mcuie 

U 

D = dhmetcr of new vehicle n 

Dd = diameter of data vehicle 

13. Predict  thc average power rpectrum (in psi 2 /cps), in each 
1 / 3  octave o r  octavc band of interert ,  for the excitation 
prcarurcs  along thc new vehicle due to lift-off acoustic 
noise, tranronic wave-boundary layer interaction, and/or 
maximum dynamic prersurc  boundary layer turbulence. 
See the Appendix of Reference 1 for detoilr 3 n  how these 
predictions may be accomplished. 

Estimate the average surfacc weight density in prf for the 
rtructure in each zone of thc new vehicle corresponding to 
a sone i n  the data vehicle. If the average surfacc weight 
denrity varies significantly in  a Riven rtructural  zone, use 
a value appropriate for the li,zhtcat etructurc i n  the zone. 

14. 

11 



15. Compute an upper prcdiction limit for the power rpccttum 
of the vibration in cach rtructural  rone of the new vehicle 
ar followr: 

where 

C,(f) = upper.predictioa limit, in 8 1 /3  octave or 
octsvc bandwidth, determined from the ref- 
erence rpectra for a given zone in  g /cpr 2 

Cpn(f) = predicted power spectrum, in a 1/3 octave 
or octave.'bandwidth, for excitation p re r ru re  
e the given rone of the new vehicle in pri  - .  

w = average rurface weight denriq for the ettuc- 
: ture of the given tone for the new vehicle 

If the reference rpec t r i  for the vibration during variouo 

orup 9 then a different function G t ( f )  will  be needed to 
predict thc vibr8tion for each significant launch event. 
Otherwise, the ramc Gt(C) function will  apply for all 
launch evcntr. 

If the power opcctrum lcvelr Cn(f) that have now been 
determined, arc bored on 1 / 3  octave or octave brad mea- 

'- rurernentr, then 8 correction factor murt be applied to 
Gn(f)  to account for the averacing effect over the band- 
width. According toficfcrence 9, o Gn(f)  bared on 1/3 
octave band o r  octave band data should be rnultiplied by 
a factor of 3 or 5 roepcctivcly, to relrult i n  the proper 
Gn(f) whach would rcault f rom 6 narrow band power rpcc- 
trum prodiction. 

With the vibration prediction, f u r  each rtructural  soue of 
the new vehicle dirplayed as a log log plot of spectral  
denrity vereui frequency, envclope the prcdictionr with 
rtraight line regmcntr to obtain n rmoothed prediction 
for each tono. 

. ., . 
#w:"-;a-C..L-.& 11..--L ..*-...- a- ...-- - - A  f - . .  .a A -  
--e--------- ---LA-- - - *...C ....C L I I . * Y  .U Y -  m . b b U 1 I A  &ab 
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3.2 MECHANICALLY INDUCED VIBRATION 

The only method which har bee qropored for rcoling mechanically 

induced vibration is the method propdred by Barrett in Rcferencc 3. 

Therefore, it i o  recommended that thio method be u8ed in all inmtoncea 

for this type of vibration. Note that thin procedure, however, rhould 

be applied only to those rtructural zones whcre the data do not vary rig- 

niffcantly during launch, aa determined in step 3 of Section 3. 1.2. 

13 



4. RECOMMENDATIONS FOR FURTHER DEVELOPMENT 

A s  I, rcrult of the prercnt rtudy, it is rccomrnended that further 

work bc performed to improve cxtrepolation, model, and statistical 

energy methodr. 

mended because, i n  time, they appear to hold the greatcr t  promise for 

replacing o r  complementing extrapolation me thodr . The extrapolation 

method, although currently the mort workable, neede rignificantly more 

development to interpret  properly data that are ured in preparing a 

frequency rerponre function, and to define adequately the effects of 

ruch parameterr ar vehicle diameter, equipment weight, boundary 

layer noire efficiency, tranronic excitation efficiency acourtic noire 

efficiency, etc. 

The model and statirtical energy method8 are recom- 

Specific reconimcndations for further development of these methodr 

are given i n  the p a r a ~ r a p h r  which follow. Additionollv 

mended that, a t  the preoent time, further development work be limited 

on clarr ical  and multiple input methodr becaurc of their inhcrent diffi- 

h e r  and mathematical intractability for all  but the most rimplified 

and idealized rtructurer.  

-.t ir recom- 

4.1 EXTRAPOLATION APPROACH 

A rtgnificant i.mprovement i n  extrapolation approacher will be 

realized by accomplishing three oeparate tasks. 

cerned with determining, with greater accuracy, the relative efficiencier 

of acoustic noire, transonic excitation, and acrodynamic noire, in in- 

ducing vibration in a rtructure. 

The f i r s t  a r k  is con- 

The rocond taek i n  concerned with 

14 



:lefining empirically, in greatcr detail, the frequency rerponre function, 

rnd the effect of rtructural  parameterr  upon the rerult ing vibration. 

The third tark i o  concerned with improvinc methods for predicting me- 

chanically induced vibration. A discussion of there taokr ir  given 

below. 

4. 1. 1 DctermininE Relative Efficiencier of 
Acoustic Noise, Tranoonic Buffet, and 
Aerodynamic Noio c 

A previous analytical rtudy har been performed relating the rela- 
tive efficiency of acourtic and boufidary layer noire (Reference 6) in  

inducing vrbrrtion in structures.  'In - .  addition, limited rtudier (Ref- 

erences 7 and 8) on a rmall quantity of data have determined thir rela- 

tionrhip empirically. . Unfortunately, the rcrul t r  have rhown a great 

deal of scatter and, of courre,  do not include data which is now avail- 

The vibration environment caured by fluctuating p r e r r u r e r  en- 

countered during tranronic flight ham received even lerr attention. 

one thing, no notable attempt has been made to determine analytically 

#'equivalent acourtic fieldr" for transonic rhock wave-boundary layer  

i~tcrractioa 

For 

Alro, no empirical rtudieo have been undertaken. 

fr. 'tght of the above dircueaion, the following tarkr  are ruggerted 

to determine the actual efficiencier of acourtic noire, tranronic ex- 

c . ;ation, and boundary layer  noioe. 

-I- Tark 1 Perform A atudy to dctormine, analytically, the relative 
efficiency of acourtic noise and transonic excitation in  in- 
ducing random rerponre in  typical flight vehicle rtructure. 

15 



Task 2 U tiliting the analytical relationships determined from 
Reference 6 ,  and Task 1 above, perform rtatir t ical  anal- 
vrer on all applicable available flight data to dcterminc 
tne mort realirt ic efficiency converrion factors relating 
acourtic noiee, transonic excitrr tion, and aerodynamic 
noime in  their ability to induce vibration in  a structure. 
Take into consideration thc possible effects of non- 
lineariticc. P a r t  of th i s  tark will b.2 to inveutigatc all 
data prior to urc  to ensu rc  that proper reduction tech- 
niquer have been utilized (stationcry vcrmus nonrtationary, 
mine versus random, etc. ) and to cnsure that correctionr 
are made to the data to account for finite tranrducer rize. 

4.1.2 Determination of Frequency Response Function 
8nd Effect of Structural Parameters  

Many of the problemr that have a r i r en  in  the past in  developing 

and uring frequency rerponre functionr r t em from the fact that the raw 

data were improperly analyred and improperly normalized in  develop- 

ing the frequency rerponre function. Some of the inadvertent e r r o r e  

or overaiEhta t h a t  have hren r n n d r  in *hc paof ixluA_r the fcl!ez.ir.-* e* 

1. Nonrtationary data havc been analyzed ar rtationary 
data. . 

2. Sinuroidal data hove bean analyzed ac random data. 

3. Data which have exceeded brnd-edge and, hence, have 
been "clipped" during acquisition have been used without 
cor  rcc tiom. 

Corrections have not bcen applicd to the data to account 
for the effect of the data acquisition ryotem noise floor. 

Corrcctiona have not bcen applicd to the data to account 
for  the frequcncy response character i r t icr  of the data 
acquirition and reduction r y s t e m ~ .  

The effect of accclerometcr mounting block reronancer 
har not been considered in analyzing the data, 

4. 

5, 

6. 
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7.  Mearuremcntr made on rkin, equipment mounting pointr, 
and internal equipment itemr have been grouped together 
indircriminately. 

The rtructural  weight parametere which affect rerponre 
have not been properly conridercd. For  example, the 
weight of the external akin panel alone ir not sufficient, 
rince internal ai r f ramer,  plumbing, and other equipment 
i temr will all affect the rerponse. 
much do there individual i temr affect the rcsponre, and 
to what extent? 

8. 

The quertion ir, how 

A i  a rerul t  of the error. and problemr listed abow, i t  ir recommended 

that a ncw frequency reaponre function be derived from data taken on 

rcveral  typer of vehiclcr, taking ca re  to consider dl the factorr item- 

ized above. If there factorr a r e  not conridered, no real progrcrr  can 

be expected to be made in improving the urefulneaa of ftequeacy rerponre 

[unctionr. Am a rerult, the following program i o  recommended. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

A80emble datr f rom several + C n + r m r n t r ~ u n  -*-‘.;-!e?- 

Obtain 8 detailed dercription of all  parameterr rurpected 
of affecting vibration reaponre. 

Remove all rinuroidr and quertionable dab .  

Apply correction factor, to data, where nectrsary,  to 
account for frequency rerponre characterirt icr of d8t. 
acquirition and reduction syrtems. 

Remove from the data all rrmpler which rppcar to be 
caurcd by direct tranrmirrion through the vehicle rtruc- 
tu re  f rom the rocket motor. 

Perform rtotirtical anolyrer on the data, taking into 
conrideration thore parameterr bclicvcd to affect rig- 
nificantly the vibration rerponre. 

Bared on the rerultr  of item 6, dotormine the beat form 
of tho frequency rerponae function and the effect of 
rcaling parameterr. 
the frequency rerponre function. 

Determine confidence limitr for 
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4. I .  3 Improving Techniques fcbr Predictinf 
Mcchanically Induced V i b r a t i o n  

The only extrapolation mcthod available for prcdicting mcchani- 

colly induced vibration levclr is the one devolopcd by Borret t  (Ref- 

erence 3). 

on vehicles similar to Saturn I i f  properly intcrpretod. However, be- 

Thio mcthod and its derivation appear reapinable for use 
> 

fore it can be applied with any clcgree of confidence to significantly 

different vehicler, the followit$g pointr rhouid be con~idered.  

1. In the development of the prediction technique, it ir 
arsumcd that the ratio of vibration power to potential 
mechmical power io  t h e  r i m e  for both the reference 
vehicle and the .new vehicle. The rncchanical power ia  
exprcrrod as the product of-rocket engine thrur t  and 
rocket engine exhaust gar velocity. It ir reasonable to 
ruapcct that thir ratio is not constant, and will vary, 
for examplc, with diffcrencer in mechanical impedance 
between thc motor and the thrust etructure. 

-- 2. 2-z :t.k:~:if~:. k<:~i ~vv:LbL LL.p L i ~  a L C u u t a L  b i l e  e i i ec~  
of component mora loading on the new structure ir given 
ar 

n W 
w t w  

C 

F =  
n 

where 

W = total weight of new bcatn s t ructure  n 
W = weight of a cornponcnt tnounted in thir area 

C 

This attenuation factor doer not ocem rearonable mince even 8 very heavy 

component would not appreciably affect the ratio of (W )/(W t W ) .  It 

appears that the weight of tha local rtructurc surrounding the component 

rhould be ured inrtead of the quantity W . 
n n C 

Further  modification to the 
t! 
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attenuation factor ir also necceearv if  components a r e  mounted near 

data pickup8 on the refcrcnce vehicle. 

Thus the equation for the prediction of mechanically induced vibra- 

tion can be rewritten a13 followr: 

where 

Gn(f)  = predicted power rpectrum for the -.?hration of 8 

specified local area of the mechanically excited 
rtructure of 8 new vehicle, i n  gz/cpr. 

rpecified local area of the mechanically excited 
rtructure of the reference vehicle, i n  gZ/cpr. 

Gt(f) = power rpectrum for the vibration merrured on 8 

V - wrinht n C  thB rntlrr  rrfctenre nlra iChi tC 
0 r 

W = weight of the entire new rtructure 

w 

n 

n = weight of a local rcction of rtructure on the new 
vehicle 

w = weight of componentn on the local rection of new 
vehicle a t tuc ture  

= weight of a local rection of rtrrrcture on the reference 
ve hic 1 e 

= weight of componentr on the local rection of reference 
vehicle otructura 

Cll  

w r 

cr w 

In light of the above two pointr, the following program i8 proposed: 

I. Acquire mcchonically induced vibratiw data f rom a 
wido range of vehicleo. A l r o  aeocmble othcr vehicle 
parameter0 cuch a r  thrust, weight, utructural dercrip- 
tiono, etc, , as required below. 

19 



2. Dctcrmine thc ratio of thp vibration power to potential 
mechanical power for liquid and solid motors for various 
cltructural typer and motor mounting configurations. 

Look a t  both loaded and unloaded incchanically excited 
structure to evaluate the  cffcct of component mami loading 
for various types of structurc.  

Ueing multiple regression a n a l y ~ c s ,  determine an optimum 
prediction technique for mechanically induced vibration. 

3. 

4. 

4.2 MODEL APPROACH 

Due to the dirtributcd nature of r t ructurcr  and environmental ex- 

citrtionr, the rimulation procedureo for ordinary dif lerential equationr 

are not applicable. 

differential equations wherein the procedure i n :  
What i r  required ir a niodelinR procedure for partial  

1. 

2. 

suitable for groeo vehicle behavior a s  well a0 the 
vibratory responre of local r tructure 

amenable to random loadinc as well  a6 arbi t rarv 
&;eii*i~r*~6 ;;L .'uiii;t:3ii6 ;l iii"ci ;;;2 tiiiiC 

3. convenient for parametric variatiorls in either the 
structural  configuration and/or the input excitation 

convenient for modification to ineludc tcrrt data from 
experimental rtudier and/or flight test  program8 . 4. 

Onc euch approach, allowinp, for the above rtquirenientr ,  employ, 

olcctrical analog and energy conccpts to dcvclap a baric model which 

i s  equivalent to a diacretized phyeical model, or a form of finite differ- 

encei mathematical trmdcl. 

approach, the rerultant electrical model can accommodate nonuniform 

grometricr and phyricnl properties, and i o  topologically s imilar  to a 

dhcretized mechanical tnodel. Thus, i f  tfccircd, the equivalent m e -  

chanical counterpart can be re1c:cted for otudy in  lieu of an analog 

By initially ueing thi r  "circuitour" 
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circuit. Such tiiodelr a r c  available for a tructural componcntr am 

Bcrnoulli-Zulev bcatnr, Timoshenko beams, curved beam#, flat plater 

of both rcctangular and circular geometry, shear pancle cf arbitrary 

geometry, and cylindrical rhells. 

. By being awarc of this circuitous approach, methods of circuit  

anolyrir and syntherie now can. bc eniploycd directly to examine s t ruc-  

tural problems in  addition to ~ ~ O S C  more well-known technique8 araoci-  

ated with diacrete ryr tem dynamics and finite difference analyaer. 

Converrcly, exirting large r'cale digital computer programr can be used 

to analyze such modela rather than'only on analog circuit8 per  re. 

closely airnulate redirtid phyrical rydtemr (.his i r  in contrart  to idcal- 

i t ed  analytical modelr), reveral  torkr rhould be conridcred: 

To fur lhcr  implement this modeling approach in order  to more 

1. 

2. 

3. 

4. 

5. 

6.  

develop mtthodr for routinely modifying the axirrting 
halrir mnrlpln inrnrpnrstinn rhanEea dictated hy c u ? m r i -  

mcntvi reauirm ouch urn impcaancc mcasurcmenrr. it i m  
believed that model rimplification will rerult  

examine methodr for including nonlinearitier 

examine attenuation characteristics of cxirting structural  
design with a vicw toward deaign modification to rninimizL 
response at any arbi t rary position (say an attachment loca- 
tion for guidance equipment) 

cxrmine circuit onalyair tcchniqucs with a vicw tow8rd 
r t r u c  t u r d  dynamic a opplica tione 

axamine methodr for extending resolution of analog modelr 
a t  higher frcqucncier. 
for approximating the higher frequency affects on rmr and 
peak rcrponscr 

examine methods for efficiently simulating random input 
cxcitatianr with arbi t rary spatial correlation fuiiction~ 

This task would include methods 
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7. examine mcthads for canvcrting an analog model to a 
modal simulation. Otlicr than cngiiieering interest, thie 
task could prove u r c f d  in rnpport of other digital com- 
puter analyses. For example, the effect of a local st ruc-  
t u r d  change for ( I )  thcb model characteristic& of the 
vehicle and or (2) the local dynamic: charactcrisficr a t  
another location can be aseeorcd. 

4 .3  STATISTICAL ENERGY APPROACH 

The statir t ical  energy approach to vibrarion and acoustic predic- 

tion, when ured properly, can bc an extremely powerful tool. When 

improperly applied to the wrong type of problem it is juot 8s uselerr 

81 any mirapplicd technique. Becaure of i ts  relative newncri and 

novelty of approach it has not been accepted with confidence by de- 

rignerr. 

required aosumptionr can be madc more definite and improved confi- 

dence can be placed i n  the rerulto. 

By continued rcsearch, the conditions of applicability and 

..I( warrile & C A C  i u  a rraari Su expand the gencrai theory, the moat 

presring need i r  for documented proof of the validity of tho arsump- 

tions. 

perimental rcsearch. Specifically, the concept of energy flow in muiti- 

element ryrtome muot bc invertigated. Only when thie is thoroughly 

examined, and meanr arc dcvslopcd lor generating the coupling factor6 

i n  a ratirfactory manner can the mcthod be conridered a s  truly work- 

able. Rerearch murt be diiected toward theec coupling factorr and 

ways to dcternline the *n, both analytically end oxpcrimcntally. 

Thir mur t  come by a combined program of theoretical and ex- 

Becaure the main advantage of the statistical enerry approach l ier 

in averaging over a frequency band or over many vibrating modes, i t  is 

imperativo to know how ocnritivc the result i o  to the averaging proccdure. 

Confidencc bound0 on tlis predictions as a function of the bandwidth, modal 
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density and other factors murt be dcvalapcd. 

analytically and checked with well designed physical expcrinrcntr. This 

type of analysis i r  very necesrary, for i f  thc  variance of the prediction 

is very high, the confidence in  thc rerul t  i o  low and the net  rerult may 

be no better than a prediction based upon extrapolation or other mcthodr. 

Thio naturally leadr to a rtudy which will determine the optimum method 

of analyrir to be ured in any circumstance. 

They murt  be developed 

In rummary, the needed research can be broken down into reveral  

explicit tasks. There a r e  l iottd below: 

1. 

2. 

3. 

4. 

5. 

Development of general theory for multi-elemcnt 
ryr  terns 

Check validity of arrumptionr f rom phyrical point 
of view 

Determine rensitivity of analysir to arrumptionr 

9 c v d o p  theoretical and experimental techniques for  
couoline factor determination 

Develop confidence ert imater for prcdictionr 
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APPENDIX A 

COMPARISON OF FREQUENCY RESPONSE FUNCTION METHOIX 
WITH MEASURED DATA 

To compare rerultr  urin(t several  prediction procedures with 

rtatic firing data, a sone  f rom the Saturn I, Block II vehicle war rclected. 

The unloaded tank rkin rtructure of zone 5-1 war chosen becaure it offered 

the only readily urrblc dr ta  available from Saturn I. Although reveral 

rccclctometcrr were located on tanka during testing, mort of there mea- 

rurcd  low vibration levelr apparently duc to the liquid within the rtruc- 

turt. However mearurcmcnt location 84.0027-4 (tank F-4, rtation 859) 

just aft of the forward full  bulkhead appeared to be rbovc the liquid 

rurfzce during data acquiritioa. Available data f rom this loc8tion con- 

mirtrd of nine plots of g 

and LO. 
point. were melected at 50 cpr intcrvalr  from 0-2000 cpr. 

verrur  frcqucnsy from vehicles SA-8, 9, rmr 
To convert theec data to the mnrr? o n n h l c  pnvrr an*-ctrirm fnrm- 

Then the 

value for each point war rquared and divided by thc fi l ter  bandwidth 
2 grrnr 

to produce a g /cpr value for each point. 

Figure A-1. 

pointr determined from the data. 

These data pnints are rhown in 

Alro rhown on the figure are a few relcctcd 95th percentile 

The prediction of vibration levelr for zone 5-1 required round 

p r c r r u r t  levelr during rtotic firing 8nd thc tank skin surface weight 

denrity, which a r e  given in Figurc A-2. The derivation of predicted 

levelr uring the Winter, Frrnkcn, and Brus t  and Himelblau proccduter 

is dercribcd in  the following paragrapha. 

thc d8t8 of Figure -1. 

Thc rcaultr are plotted on 
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Figure A- I .  CoitipariPon of Pttc1ictc.d and M:c*aourcd Vibration Irc!vclo for 
Tank 17-4 S:rturn I 
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r, v 

Static 
Geomc tric Firing 

Frequc nc y A c o u i t i ~  

Octave 
Band Mean Octave Band 

L e V C h  

I I 

37.5-75 ' 53 139.8 
. I 

7 5 -  150 106 143.8 

150-300 212 144.0 

30G- 600 425' : - 148.3 

400-1200 ' 8 50 142.0 

1200- 2400 1700 139.8 .. 
I I II 

Tank rkin thicknerr = 0.090 per 3OM00045 
W = (0.  1)(144)(0.090) = 1. 3 lblft' 

Figutc A-2. Saturn I, Block XI, Zone 5- 1 Octave Bald 
Sound Preaaurc Levclr and Skin Weight Density 
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The numerical detailr of thc Wintcr proccdurc arc uhown in Fig- 

ure  A-3. 

frequency rcrponse function curve of Figure A-4. 

combincd with the quantities in  Column 5 (round p re r ru rc  minur 

20 loglO W) , yield a vibration level i n  dil  for each octave band. 

Colunrn 8, each value has been convcrled to a quantity in g'r uring the 

following rclrtion: 

The values given in Column 6 were picked f rom the Winter 

Theec valuer, when 

In 

20 loglo ai = dBi i =  1, 2, ..., 6 

where 

= d u e  of g i n  ith octave band 

dBi = value in Column 7 for i th octave band 

gi 

Column 9 io obtained ar followr. 

where 

Bi = bandwidth of the ith octave band 

2 ;  The final r tcp COnOiatB of multiplying tho g icplr valuer in  Column 9 by 
five to convert the widoband levels to narrowband levelr to account for 

the averaging effect of thc filterr (Reference 9) .  

Tho Frrnken proccdurc (Figurc A-5) i8  oimilar to that of Wintcr 

but differr i n  the method uscd to sclcct  the trancfer function valuer of 
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Column 6 .  

abscissa i n  frequency times vehicle diameter (cpr-ft). 

a frcquency scale, the abecisra ir divided by thc tank dianictcr 

(70 incher 

each octave band gaornctric mcan frequency. 

levels in  8 / cps  are  multiplied by f ive  to convert to the narrow band 

lcvelr shown i n  Column 10. 

The Franken transfer function rurvc (Figure A - 6 )  has an  

To convert to 

6 feet). Then a value may be rclected from the curve for 

The wide bwnd predicted 
2 

The Brust and Himclblau procedure doer not actually apply to the 

prediction of akin levelr. To alleviate thir problem, 95th percentile 

curves were drawn ar rhown in Figures A-7 and A-8 and used in place 

of the 60th percentile curves. 

rhown in  Column 4 of Figure A-9. 

(wide band timer 5) ate  ohown i n  Column 5. 

The predicted wideband results are 

Thc narrow band predicted levelr 

A final predicted dpectrum level for Saturn I has bcea determined 

from the Winter Method by enveloping the octave band levelr am shown 

in Figure A-lo. Ar can be seen, this predicted level envclopco the data 

very well except that it underpredicts the pcak of the spectrum by a 

factor of approximately 4. 
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Figure A-6. Franken Trrnofer Functioa 
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Figure A-7. Drust and Iiimeibluu 75th Percr!n:ilc Curves 
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Figure A-8. Brurt and Hitnciblau 95th Percentile Curvor 
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Figure A-10. Predicted Levelr for Tank F-4 Saturn I 
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APPENDIX B 

SAMPLE PRZDXCTIQN OF VI3RAT?5N LEVELS 
FOR SATURN V 

Thio rcction prcrcntr predicted nbration levels for two selected 

soner on the Saturn V vehicle. There toner are the center rkirt skin 

sone 5-2-2 and the forward akirt  .kin zone 7-2-2. 

w i n g  the Winter procedure are rhown in  Figurer B-1 and B-2. 

The final rerultr 

The prediction cdculationr are rimilar to thore prcrtntcd in 

The acourttc Appendix A, a d  are rborP~ in Figurer B-3 and B-4. 
levelr i n  Column 3 were obtained by convcrting rtatic firing data to 

octave band d a b .  The frequency rerponse function valuer mhown i n  

Column 6 were obtained from Figure A-4 by rbifting the frequency 

r c d e  according to the following rel8tionrhip: 

1 /2 l/2 
f n =(?) fd=(s) f d = 0 . 5 S f d  

n 

where 

f = frequency of ncw vehicle n 

= frequency of old vehicle 'd 

Dd = diameter of dat8 vehicle (for Winterlo FRF, 

D = diameter of new vehicle 

Dd = 10 feet) 

n 



Thus each frcqucncy for thc Saturn V vehicle ir 0. 55 timer the data 

vehiclc frequency. 

frequency rcale i r  shown in Figure B-5. 
The frequency response function with thc rhiftcd 
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Fiigure B-1. Predictcd Lcvelr for Zone 5-2-2 Center Slcirt Skin 
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Figure B-2. Predicted Levelr for Zone 7-2-2 Forward Skirt Skin 
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